The abdominal aorta (AA) is predisposed to development of abdominal aneurysms (AAA), a focal dilatation with fatal consequences if left untreated. The blood flow patterns is thought to play an important role in the development of AAA. The purpose of this work is to investigate the blood flow patterns within a group of healthy volunteers (six females, eight males) aged 23 to 76 years to identify changes and differences related to age and gender. The healthy volunteers were categorized by gender (male/female) and age (below/above 35 years). Subject-specific flow and geometry data were acquired using the research interface on a Profocus ultrasound scanner (B-K Medical, Herlev, Denmark) and segmentation of 3D magnetic resonance angiography (Magnetom Trio, Siemens Healthcare, Erlangen, Germany). The largest average diameter was among the elderly males (19.7 (± 1.33) mm) and smallest among the young females (12.4 (± 0.605) mm). The highest peak systolic velocity was in the young female group (1.02 (± 0.336) m/s) and lowest in the elderly male group (0.836 (± 0.127) m/s). A geometrical change with age was observed as the AA becomes more bended with age. This also affects the blood flow velocity patterns, which are markedly different from young to elderly. Thus, changes in blood flow patterns in the AA related to age and gender are observed. Further investigations are needed to determine the relation between changes in blood flow patterns and AAA development.
INTRODUCTION
Cardiovascular diseases are a leading cause of death worldwide and accounted for 30% of all deaths in 2005 according to the World Health Organization (WHO).
1 Changes in the blood flow are suspected to play a role in the onset and progress of cardiovascular diseases. 2, 3 The human abdominal aorta (AA) is liable for both atherosclerosis as well as development of abdominal aortic aneurysms (AAA). This work focus on the role of blood flow patterns in AAA development. The age-related changes in the AA configuration, the AA mechanical properties, and, as a consequence, the changes in the blood flow properties, is suspected to play an important role. 4 AAA is a focal pathological dilatation of the AA which may rupture if the lesion is left untreated. Even though AAA affect 6-9% of the elderly population above 65 years the details regarding the onset of the pathological process is still not known in detail.
3, 5
Computational fluid dynamics (CFD) is a valuable tool in the inspection and quantification of changes in blood flow properties in the human AA. The amount of studies on CFD simulations of blood flow in the AA are numerous. The simulations have evolved progressively over the years. Some simulations involve idealized geometries of the AAA with the purpose of investigating the influence of AAA shape on the blood flow patterns.
Others have evaluated the blood flow patterns in patient-specific aortas as well as patient-specific AAAs 7, 8 in which the geometries were obtained using computer tomography (CT).
This study combines blood flow properties obtained with ultrasound and subject-specific geometries obtained using magnetic resonance imaging (MRI). Subject-specific blood flow profiles can be obtained with the implementation of research interfaces on commercial ultrasound scanners. 9, 10 This enables extraction of raw spectral data from the flowing blood. These data are suitable for reconstruction of the subject-specific velocity profile in the AA as described in Sec. 2.2. These flow profiles are combined with subject-specific AA geometries obtained using a new imaging sequence for magnetic resonance imaging (MRI), which eliminates the use of intra-vascular contrast agents, see Sec. 2.4.
The purpose of this study is to investigate the influence of age and gender in blood flow properties in the AA using the tools described above. The differences in blood flow properties among the volunteers are quantified using four clinical parameters, and visual inspection of the velocity fields in the transverse plane together with visual inspection of the deviation from laminar flow using the velocity streamlines.
Section 2 presents the in vivo data which comprise the demographics of the volunteers, the acquisition and processing of ultrasound data and MRI data. Section 3 presents the computational fluid dynamics applied to obtain the results, which are presented in Section 4. The results are discussed in the final section of this paper.
IN VIVO DATA

Material
The material for this study consisted of 14 healthy volunteers aged 23 to 76 years of age. The group includes both males and females with the demographics listed in Table 1 . Each volunteer was scanned with ultrasound to obtain subject-specific inlet profiles, see Section 2.2, as well as scanned using magnetic resonance imaging (MRI) to obtain the subject-specific AA lumen geometry, see Section 2. Rquisition time History ************************** ***Connected successfully * ** ************************** 
Ultrasound data acquisition
In this work, spectral data for each volunteer were acquired using a UA2227 research interface implemented on a 2202 ProFocus scanner (B-K Medical, Herlev, Denmark). 9 Several data sequences of five seconds each were acquired for each volunteer. The range gate was positioned in the center of the AA and adjusted by the operating physician to cover the entire diameter of the AA, see Fig. 1a . The volunteers were scanned using a convex transducer (BK8803, B-K Medical, Herlev, Denmark).
The scan sequence was controlled by the dedicated grabber program "CFU Data Grabber", 9 see Fig. 1b . The CFU Grabber GUI enables loading of specific setups on the scanner (usecases), acquisition of raw data directly from the scanner, fast preview of the recorded data, and download of the acquired data to a hard drive. To obtain usable data the pulsing strategy was designed such that the two types of data, i.e. the B-mode image lines and the spectral data were acquired interleaved. Each line of the data set is identified by a header.
9 After acquisition, the data was sorted and processed off-line using customized routines developed for MatLab (Mathworks, Natick, MA, USA).
Ultrasound data processing
The mean spatial velocity,v(t), in the AA was estimated using the power density spectrum of the received spectral data together with the relation between the mean frequency and the mean velocity. The mean spatial frequency,f , was determined from the power density spectrum,
where P (f ) is the power density at a specific depth in the artery, and f is the frequency content of the received signals. The mean frequency is proportional to the mean velocity,
where c = 1540 m/s is the speed of sound in blood, θ is the angle between the AA and the ultrasound beam, and f 0 is the center frequency of the transducer.
To perform subject-specific flow simulations a 3D profile, which is smooth and continuous in both time and space, is needed as inlet boundary condition. Such a profile was derived using the principles introduced by Womersley 11 and Evans. 12 Mathematically, under the assumption that the pulsation is periodic, the velocity
waveform can be decomposed into Fourier series 13 and then added to the parabolic profile characterizing the fully-developed flow in a stiff pipe. Womersley 11 found the relation between the flow rate and the pressure for each harmonic component of the velocity Fourier series. Evans 12 provided the method for determination of the velocity profile when the flow rate is known. In this work the first ten harmonics were included in the velocity estimation. Neglecting entrance effect, the temporal-spatial velocity profile was determined as, 14, 15 
where the first term is the parabolic flow profile characterizing a Poiseuille flow, and the second term is the superposition of the sinusoidal components resulting from the Fourier decomposition, V m , multiplied by the function ψ m . In (3) φ m is the phase of the sinusoids, and χ m is the phase of ψ m . The function ψ m describes how the velocity changes with time and position in the AA over one period for each sinusoidal component such that,
where J n are the n'th order Bessel functions of first kind, and τ m = j 3/2 α m where α m is the Womersley number defined as,
where ρ blood = 1, 060 kg/m 3 is the mass density of blood, and μ blood = 3.5 mPa·s is the constant viscosity of blood. Hence, the blood is assumed to be a Newtonian fluid. This assumption is applicable when the artery is large, as has been assumed in several studies of flow properties in the AA. 
Magnetic resonance imaging
The lumen geometry of each AA was obtained by segmentation of 3D magnetic resonance angiography (Magnetom Trio, Siemens Healthcare, Erlangen, Germany). The test person was place head first on the scan bed and the body coil was placed across the abdomen of the subject, see Fig. 2a . The imaging sequence applied for the MRI procedure to obtain the highest possible contrast between the AA and the surrounding tissue is called Native True FISP (Fast Imaging with Steady-state Precession). 16 This sequence enables imaging of arteries using MRI without the use of intra-vascular contrast agents. It combines the True FISP sequence and synchronization of the electrocardiogram (ECG) of the subject in the scanner. Hence, electrodes for monitoring of ECG was placed on the left side of the chest of all volunteers. Hereby, the images are all acquired at the same instant during the cardiac cycle eliminating motion artifacts.
The AA varies in length from volunteer to volunteer depending on the height of the volunteer. The scan area defined by the MRI scanner software only covered part of the AA. Therefore, the scan area needed to be adjusted for each scan sequence, and depending on the volunteer two or three scan sequences were needed to cover the entire AA from the branching of the renal arteries to the iliac bifurcation. Unfortunately the renal arteries did not provide enough contrast for adequate segmentation in several volunteers.
Image segmentation
The AA lumen for each volunteer was obtained by segmentation of the 3D MRI angiography using ScanIP (Simpleware ltd., Exeter, United Kingdom). The geometry included the iliac bifurcation in all cases but one (volunteer no. 11) and was cut just below the branching of the renal arteries. The segmentation procedure was semi-automatic including three consecutive steps:
• Initial automatic coarse segmentation
• Manual editing of the coarse segmentation
• Smoothing of the segmented AA lumen
The initial automatic segmentation consisted of two segmentation algorithms. The first algorithm was a threshold algorithm which segmented the images according to gray scale values, where the lumen of the AA provide bright white color, see Fig. 3 . Afterwards, a region-grow algorithm was applied to fill gaps in the initial segmented volume (mask). In the manual editing each image slice was inspected and the mask was adjusted to cover only the AA lumen using a "seed point" based algorithm and "pixel-by-pixel" editing. Lastly, the segmented AA lumen was smoothed to eliminate sharp edges. The final result of the segmentation is exemplified in Fig. 3. 
COMPUTATIONAL FLUID DYNAMICS
Constitutive framework
The blood was considered as an incompressible Newtonian fluid. These assumptions simplifies the Navier-Stokes equation applied to describe the fluid dynamics,
In (6) ∇p is the pressure gradient with ∇ being the del operator, τ represents the shear forces of the flowing blood, and the last term on the right-hand-side is the body forces acting on the AA represented by gravity g. The viscosity of an incompressible Newtonian fluid is constant at any shear rate,= γ, hence, the constitutive relation for the blood is,
The equation of motion, i.e. (6), to solve using CFD is then,
Finite element model generation
The AA geometries were loaded into the commercial FE software COMSOL Multiphysics (COMSOL AB, Stockholm, Sweden) using the CFD module. The geometries were meshed using a customized mesh algorithm in ScanIP. All elements in the geometries were tetrahedrons. For the three examples presented in Section 4, the mean aspect ratio varied between 0.73 and 0.751. The mean aspect ratio is the average ratio between side lengths in the tetrahedral elements and should be as close to unity as possible. To test the numerical accuracy of the a force coefficient was calculated after each mesh refinement as described by Papaharilaou et al.,
where | F | is the magnitude of the total force integrated over the wall surface,v is the average velocity at peak systole, see Fig. 5 , and A is the surface area of the AA wall. When the force coefficient deviated less than 1 % between to consecutive refinements the solution was considered stable. The final meshed geometries consisted of 100,000 to 150,000 tetrahedral elements. 
RESULTS
In the investigation of the influence of age and gender on flow four clinical parameters were chosen for comparison; age, AA diameter, the velocity in the peak systole (PS), and the velocity at the end diastole (ED). Due to aliasing in the ultrasound flow measurements, it was not possible to reconstruct the spectrograms for all enrolled volunteers. Therefore, the velocities at PS and ED were adapted from the video sequences acquired for each ultrasound scan sequence in synchrony with the raw data acquisition. These results are summarized in Table 2 . The diameter of the AA was measured on the MRI scans just below the branching of the renal arteries. 
Velocity profile reconstruction
Blood flow profiles were reconstructed for three volunteers; a 57 years old female, and two males aged 51 and 76 years. The profiles are shown in Fig. 4 with the time-dependent variation of the mean velocity shown in Fig. 5 . The blood flow profile never obtain a parabolic shape, thus the simulated flow is never fully-developed. This was also expected as the flow in the human AA is never fully-developed due to curves, bends, and flow dividers.
17, 18
Computational fluid dynamics
In Fig. 6 the simulated velocity field and streamlines at peak systole is shown for three volunteers; a 57 years old female, and two males aged 53 and 76 years. The velocity field is influenced by the shape of the AA, however, the flow is approximately laminar in this phase of the cardiac cycle. With age the AA becomes more and more twisted as the elastic fibers degrade and the AA loose its recoil ability and extensibility. In Fig. 6 the AA for the 76 years old male is more twisted compared to the two younger volunteers. During the deceleration after peak systole the flow deviates from the laminar flow observed up until peak systole as illustrated in Fig. 7 . From Fig. 7 is it clearly seen that the flow becomes disturbed in the deceleration 
DISCUSSION
This work presents a new framework for investigation of blood flow patterns in the human abdominal aorta. The novelty emerges from the use of the native True FISP imaging sequence for the MRI scanning which provides high contrast between the artery and the surrounding tissue without the use of intra-vascular contrast agents. Non-contrast imaging with MRI using the native True FISP sequence has primarily been performed on patients with a kidney transplants. 19 Lanzman et al. 20 compared the image quality using the native True FISP sequence in a 1.5 Tesla and 3 Tesla MRI scanner and found that the 3 Tesla scanner results in higher image quality. The image quality was based on relative signal-to-noise ratio and relative contrast-to-noise ratio. Thus, using the 3 Tesla MRI scanner for visualization of the AA was used in this work to obtain high quality images which are easy to segment afterwards.
The use of subject-specific inlet profiles has been applied in CFD models before. Di Martino et al. 7 applied averaged blood flow velocity from the aorta obtained with Doppler ultrasound. The inlet profile in the aorta was assumed to be parabolic, i.e. the flow was fully-developed at the entrance. This is not the case in vivo as seen from the results of this work. Thus more accurate flow profiles should be applied as inlet boundary condition for the CFD model such as suggested in this work. Papaharilaou et al. 15 applied flow profiles obtained with ultrasound in the same manner as presented here. The geometry used in their study was, however, obtained with CT using intra-vascular contrast agents. Figueroa et al. 21 used geometries of the AA derived from MRI scans to simulate flow under the assumption that the wall was deformable. The inlet profile was a time-varying parabolic profile. The time-varying velocity was derived using the principles stated by Womersley.
11 The next step in this work will be to apply deformable walls to the CFD model.
The AA changes in geometrical configuration with age, which naturally affects the blood flow patterns. With aging the large conduit arteries dilate, stiffen, and loosely tethered arteries such as the AA increase in length and start to buckle. 22, 23 These observations are confirmed in this study as the AA diameter increases with age for both genders, see Table 2 . In general the AA diameter is larger in adult males compared to adult females, 24 which was also confirmed here as the average diameter among the males is larger compared to the female group. The diameter increase due to aging is speculated to be caused by the age-related degradation of elastin. 5 The results of the CFD simulations visually show a marked difference in flow properties related to age which is mainly due to large variations in the AA geometry. In addition, the easy access to both blood flow velocity data and geometrical information presented here provide a powerful tool for further research in the role of blood flow patterns in AAA development.
